Various studies related to their antitumor activity and mechanism of action have been reported for HDAC inhibitors, but the relationship of their antitumor effects to their pharmacodynamic and pharmacokinetic properties in vivo has not ever fully characterized. We report here the discovery of a novel cyclic-peptide-based HDAC inhibitor, YM753. YM753 is a bacteria-derived natural product containing a disulfide bond. It potently inhibited HDAC enzyme with an IC 50 of 2.0 nM in the presence of dithiothreitol. YM753 was rapidly converted to a reduced form in tumor cells, and then induced accumulation of acetylated histones, followed by p21 WAF1/Cip1 expression, tumor cell growth inhibition and tumor-selective cell death. In an in vitro washout study, YM753 showed prolonged accumulation of acetylated histones in WiDr human colon carcinoma cells. In vivo YM753 dosing of mice harboring WiDr colon tumor xenografts significantly inhibited the tumor growth via sustained accumulation of acetylated histones in the tumor tissue. In a pharmacokinetic study, YM753 rapidly disappeared from the plasma, but its reduced form remained in the tumor tissue. Moreover, the accumulation of acetylated histones induced by YM753 was tumor tissue selective compared to several normal tissues. This study provides evidence that YM753 has antitumor activity that is the result of selective, sustained accumulation of acetylated histones in tumor tissues despite rapid disappearance of the drug from the plasma. These results suggest that the novel HDAC inhibitor, YM753 has attractive pharmacodynamic and pharmacokinetic properties giving it potential as an antitumor agent.
Introduction
Aberrant gene expression due to altered histone deacetylase (HDAC) activity has been associated with cancer. Tumortissue-specific histone hypoacetylation was observed in solid cancers of several patients, but not in their normal tissues (1, 2) . Up-regulated expression of HDAC1, HDAC2 and HDAC3 has been reported in human colon tumors (3) (4) (5) . Abnormal recruitment of HDACs by mutant transcription factors formed by chromosomal translocation also occurs in various leukemias (6) .
Several structural classes of HDAC inhibitors have been characterized, including short-chain fatty acids (i.e., sodium butyrate, phenyl butyrate and valproic acid), hydroxamic acids (i.e., trichostatin A, SAHA (suberoylanilide hydroxamic acid), NPV-LAQ824, LBH589, PXD101, CRA-024781, JNJ16241199 and A-161906), benzamides (i.e., MS-275, CI-994 and MGCD0103) and cyclic peptides (i.e., trapoxin, apicidin and FK228) (7) (8) (9) . It is well established that HDAC inhibitors affect several cellular processes that are dysregulated in neoplastic cells. HDAC inhibitors cause growth inhibition with cellular differentiation, cell cycle arrest and cell death in a broad spectrum of tumor cells, while normal cells remain relatively resistant to these agents (10) (11) (12) . They also inhibit angiogenesis (13) . Other research groups and ourselves found that HDAC inhibitors activate transcription of the p21 WAF1/Cip1 gene (14) (15) (16) , and this induction is probably due to epigenetic regulation of the p21 WAF1/Cip1 promoter associated with class I HDACs. HDAC inhibitors can also up-regulate proapoptotic pathways and down-regulate prosurvival pathways. Other studies have shown that HDAC inhibitors can induce both mitochondriamediated apoptosis and caspase-independent autophagic cell death (17) (18) (19) (20) . Various HDAC inhibitors, including SAHA, LBH589, PXD101, CRA-024781, MS-275, CI-994, MGCD0103 and FK228, are currently undergoing clinical trials in the treatment of various solid and hematological tumors (9, 21) . In Phase I and II studies, SAHA has shown significant antitumor activity in patients with hematologic and solid tumors (22) (23) (24) and has recently been approved by the U.S. Food and Drug Administration (FDA) for the treatment of cutaneous T-cell lymphoma (25) . In addition, FK228 achieved dramatic responses in peripheral and cutaneous T-cell lymphoma in a clinical study (26) . These observations indicate that HDAC inhibitors are very promising as anticancer drugs (9, 21) .
While screening for a p21 WAF1/Cip1 -inducing agent, we discovered that YM753 and 4 of its derivatives have potent inducing activity for p21 WAF1/Cip1 gene expression. YM753 was named spiruchostatin A and it demonstrated TGF-ß-like activity in the culture broth of Pseudomonas fluorescens Q71576 (27) . In this report, we describe that YM753, a novel bacteria-derived and cyclic-peptide-based HDAC inhibitor containing a disulfide bond, has unique pharmacodynamic and pharmacokinetic properties in vitro and in vivo.
Materials and methods
Agents. YM753 and 4 derivatives were isolated from the culture broth of Pseudomonas fluorescens Q71576 (27) , while FK228 was isolated from the culture broth of unidentified bacterium Q43395. The reduced form of YM753 (RedYM), its glutathione-conjugate, YM-340209, and YM-349972 were prepared, and other HDAC inhibitors, including SAHA, NPV-LAQ824, LBH589, MS-275 and CI-994, were synthesized in Astellas Pharma Inc. Trichostatin A was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) (Table I) .
Cells. The following human cell lines were obtained from the American Type Culture Collection: WiDr (colon), A549 (lung), Calu-3 (lung), DMS53 (lung), DMS114 (lung), HOS (osteosarcoma), Saos2 (osteosarcoma), SK-MEL-28 (melanoma), MIAPaCa-2 (pancreas), MDA-MB-231 (breast), MDA-MB-468 (breast), UM-UC-3 (bladder), HL-60 (leukemia), WI-38 (normal lung) and WI-38VA13 (SV40-transformed WI-38). K562 (leukemia), A2780 (ovary) and NHLF (Normal Human Lung Fibroblast) were obtained from RIKEN Cell Bank, Dainippon Sumitomo Pharma and Cambrex, respectively. These cells were maintained in appropriate media supplemented with FBS and antibiotics.
HDAC inhibition assay. The HDAC fraction, which contains multiple HDAC enzymes, was partially purified from the nuclear extract of a human leukemia cell line, K562, by a modification of the method of Yoshida et al (28) . For evaluation of a panel of HDAC inhibitors, HDAC assay was performed using a CycLex HDACs Deacetylase Fluorometric Assay Kit (CycLex, Ina, Japan) according to the manufacturer's instructions, with slight modification. Briefly, after pre-incubation of compounds with the assay buffer containing 60 μM dithiothreitol (DTT) for 1 h, the HDAC reaction was carried out at room temperature. After 30 min of reaction, the fluorescence was measured using an excitation wavelength of 355 nm and a detection wavelength of 460 nm. LDH release assay. A549, NHLF, WI-38VA13 and WI-38 cells were treated for 48 h with various concentrations of YM753 or 0.2% Tween-20, which was the positive control reagent for lactate dehydrogenase (LDH) release. Then LDH release into the culture medium was measured using the LDH-cytotoxic test Wako (Wako Pure Chemical Industries, Japan) according to the manufacturer's instructions. All data show the percent of total LDH release, as the mean ± SEM (N=4). Phase-contrast image photographs of A549 and NHLF were taken after 48-h treatment with YM753.
Cell growth inhibition assay. After 48-h treatment of the 14 cell lines shown in Table II with various concentrations of YM753, the cell counts were determined by sulforhodamine B (SRB) assay as previously reported (32) . The concentrations required to inhibit cell growth by 50% (GI 50 ) were calculated by logistic analysis.
In vitro washout study. WiDr cells were treated with 30 nM YM753, 10 nM FK228, 20 μM SAHA and 20 μM MS-275 for 12 h, washed 3 times with DMEM and then cultured in DMEM containing 10% FBS. At 1, 6, 12, 24, 48, 72 and 96 h after washing, histone proteins were extracted using sulfuric acid as described above and immunoblotting was carried out using anti-acetylated histone H3 antibody. To verify equal histone protein loading, a parallel gel was run and stained with CBB.
Antitumor study in a xenograft model. Male nude mice (five weeks of age) were purchased from Charles River Japan, Inc., and used after several days of acclimation. A single-cell suspension of WiDr (2x10 6 cells) was inoculated into the flank of the mice by s.c. injection. The tumor volume was calculated by the following formula: 1/2 x (length) x (width) 2 . When the tumor reached about 100 to 200 mm 3 in volume, YM753 (3 mg/kg) was dissolved in 20% hydroxypropyl-ß-cyclodextrin/saline and injected into the tail vein 3 times a week for 2 weeks (on days 0, 2, 4, 7, 9 and 11). The tumor size was measured twice a week (on days 3, 7, 10 and 14). Data are expressed as the mean tumor volume ± SEM.
Pharmacodynamic study. YM753 was given as a single intravenous administration at a dose of 3 mg/kg to the WiDrbearing nude mice (n=3). WiDr tumor tissue samples were removed from chloroform-anesthetized mice at 2, 4, 8, 24, 48 and 72 h after administration and kept at -80˚C until use. The tissues were crushed with a Cryo-Press (Microtec), and then histone proteins and cell lysates were prepared as described above. Immunoblotting was carried out using antiacetylated histone H3, anti-acetylated histone H4, antip21 WAF1/Cip1 and anti-actin antibodies. To verify equal histone protein loading, a parallel gel was run and stained with CBB. For examination of the status of acetylated histones in normal tissues, normal (colon, lung, prostate, small intestine, brain and heart) and WiDr tumor tissue samples were removed from chloroform-anesthetized WiDr-bearing nude mice at 8 h after a single intravenous administration of YM753 at a dose of 3 mg/kg. Immunoblotting was performed using anti-acetylated lysine antibody (Upstate Biotechnology) for detection of acetylated histones (H2A, H2B, H3 and H4).
Pharmacokinetic study. YM753 was given as a single intravenous administration at 3 mg/kg to the WiDr-bearing Table I . HDAC inhibitory effects of YM753 and other HDAC inhibitors.
The HDAC reaction was performed in the presence of DTT. The experiment was performed in triplicate four times for each concentrations, and the inhibitory concentrations of 50% are shown as the mean ± SEM (n=4). Table II . Growth inhibitory effect of YM753 on various tumor cells. 
The experiment was performed in triplicate and the growth inhibitory concentrations of 50% are shown.
-------------------------------------------------
nude mice (n=3). Mice were anesthetized with diethyl ether, and blood samples were collected from the inferior vena cava and immediately added to ice-cold PBS supplemented with N-ethylmaleimide and dichlorvos. After mixing the blood slowly, the plasma was obtained by centrifugation. Plasma was added to 30 vol% formic acid at a ratio of 2 to 1 (v/v) and then mixed on a Vortex. The plasma samples were mixed with 50 vol% acetonitrile and internal standard solution at a ratio of 3 to 1 to 1 (v/v) on ice and then mixed on a Vortex. The samples were centrifuged, and each supernatant was analyzed by LC-MS/MS together with calibration and quality control samples prepared from blank mouse plasma for determination of the plasma concentrations of YM753 and RedYM. To determine the tumor concentrations of YM753 and RedYM, tumor samples were collected and immediately stored at -80˚C until assay. Tumor homogenates prepared with ice-cold PBS supplemented with N-ethylmaleimide and dichlorvos were mixed with acetonitrile and then centrifuged. The supernatant was evaporated and dissolved in the LC-MS/MS mobile phase. After centrifugation of the samples, the supernatant was analyzed by LC-MS/MS together with calibration and quality control samples prepared from blank tumor samples.
Statistical analysis. Statistical analysis of the in vivo antitumor study was performed with Student's t-test. Differences on day 14 with P<0.001 vs. the control were considered statistically significant.
Results

RedYM is the active form of YM753 in HDAC inhibition.
We had previously identified YM753 and its YM-187754 derivative (spiruchostatin B) (27) , and in the present study we have identified three more derivatives, YM-209139, YM-343242 and YM-343243. These compounds are bicyclic peptides containing a di-or trisulfide bond (Fig. 1A and data not shown). We discovered that these compounds have p21 WAF1/Cip1 -inducing activity (data not shown), and we examined their inhibitory effects on partially purified human HDAC enzymes. YM753 and its derivatives showed HDAC inhibitory activity in the presence of a reducing agent, dithiothreitol (DTT), but not in the absence of DTT. Therefore, we think that this is evidence that YM753 is converted to its reduced form by DTT. To evaluate the HDAC inhibitory effects of these compounds and other known HDAC inhibitors, all subsequent HDAC assays were performed in the presence of DTT. The IC 50 for the HDAC inhibitory activity of YM753 against the acetyl peptide substrate was 2.0 nM and its derivatives showed similar activities (Table I and data not shown). YM753 was somewhat more potent than FK228, which is a structurally similar cyclic peptide containing a disulfide bond in its structure, and it was more potent than the compounds belonging to the hydroxamic acids (trichostatin A, SAHA, NPV-LAQ824 and LBH589) and benzamides (MS-275 and CI-994).
The dependence of HDAC inhibition on DTT was also observed for FK228 but not for the hydroxamic acids and benzamides (data not shown). We therefore postulated that disulfide bond reduction is necessary for the HDAC inhibitory activity of YM753 and FK228. To confirm this, the reduced form of YM753 (RedYM) was prepared, and its HDAC inhibitory activity was examined in the absence of DTT. RedYM strongly inhibited HDAC activity with an IC 50 of 2.9 nM (Fig. 1B) . We therefore conclude that RedYM is the active form in HDAC inhibition.
To further examine the effect of the sulfhydryl groups of RedYM on its HDAC inhibitory activity, we prepared two derivatives of RedYM, i.e., YM-340209 and YM-349972, in which one of the sulfhydryl groups was converted to a methylthio group (Fig. 1B) . YM-340209 inhibited HDAC activity with an IC 50 of 0.6 nM, whereas YM-349972 showed no inhibition up to 100 nM in the absence of DTT (Fig. 1B) . This indicates that the sulfhydryl group in the long chain of RedYM contributes to HDAC inhibition. A docking study of RedYM using a known HDAC-like protein crystal structure (30) showed that the long chain of RedYM inserts into a tubular pocket of the HDAC1 enzyme and interacts with zinc via the sulfhydryl group at the end of the long chain (Fig. 1C) .
YM753 is reduced in tumor cells.
To examine whether YM753 undergoes reduction inside the cell, we performed HPLC analysis to detect YM753 and RedYM after treatment of cells with YM753. Since we expected that YM753 would be rapidly reduced in tumor cells, we used K562, a suspension-cultured human leukemia cell line, so that a cell extract could be prepared quickly. HPLC analysis revealed that only RedYM was detected at 10 and 50 min after the treatment, while no YM753 was detected ( Fig. 2A) . In a stability study, YM753 was found to be stable in culture medium at 37˚C for 1 h (data not shown). These results indicate that YM753 is activated after it is incorporated into tumor cells, presumably as a result of intracellular reducing activity.
We next examined the mechanism by which YM753 is reduced in the cell. When YM753 was mixed with K562 lysate at 37˚C for 1 h, most of the YM753 was converted to RedYM (Fig. 2B) . We then examined whether glutathione, an intracellular reducing substance, contributed to the reduction of YM753. After mixing YM753 with 1 mM glutathione, which is close to its intracellular concentration, and incubating the mixture at 37˚C for 1 h, RedYM and glutathione-conjugated RedYM were produced, while unreacted YM753 remained (Fig. 2B) . When YM753 was mixed with the <3 kDa lysate fraction obtained by centrifugation with the Microcon YM-3 Centrifugal Filter, the results of reacting this mixture were similar to the results for the glutathione-treated samples. Since glutathione is contained in the lower lysate fraction, the reaction results suggest that YM753 reacts with intracellular glutathione. However, those results indicate that glutathione is not sufficient alone, and one can speculate that some other protein(s) is necessary to reduce YM753 in tumor cells.
YM753 induces accumulation of acetylated histones, p21
WAF1/Cip1 expression and cell cycle arrest. To examine HDAC inhibition in tumor cells, we carried out immunoblot analysis using anti-acetylated histone antibodies against human colon cancer cells, WiDr, because it was reported that HDACs are overexpressed in colon tumor tissue and in this cell line (3) (4) (5) . YM753 induced accumulation of acetylated histones H3 and H4 in time-dependent (data not shown) and dose-dependent fashion (Fig. 3A) . Immunoblot analysis revealed that YM753 also increased the level of p21
protein in a dose-dependent manner (Fig. 3A) , with a concomitant increase in hypophosphorylation of Rb in the cells. Flow cytometric analysis was performed to examine the induction of cell cycle arrest in WiDr cells by YM753. YM753 at 30 nM, which is a higher dose than GI 50 in WiDr (Table II) , induced G 1 and G 2 /M arrest after treatment for 24 h (data not shown).
YM753 induces cell death in tumor cells.
To examine whether caspase 3 was activated in WiDr cells, we next performed immunoblot analysis using anti-caspase 3 and PARP antibodies. YM753 increased cleavage of caspase 3 and its substrate, PARP, in a dose-dependent manner (Fig. 3B) . However, YM753-induced cell death was not completely prevented by the pan-caspase inhibitor, zVAD-fmk (data not shown), this suggests that YM753-induced WiDr cell death exhibits combined features of caspase-dependent apoptosis and caspase-independent cell death. tumor-selective (11,20,33 ). We performed an LDH release assay to examine the cytotoxicity of YM753 for tumor and normal cells. YM753 showed cytotoxic effects on A549, a human non-small cell lung carcinoma cell line, at 48 h after treatment, but the effect on NHLF, normal human lung fibroblasts, was modest up to 30 μM YM753 (Fig. 3C ). This profile of YM753 was confirmed by microscopic observation. In addition, similar selective effects were also observed with WI-38VA13 cells, which are SV40-transformed cells of WI-38 normal human lung fibroblasts. Thus, these results indicate that YM753 shows selective tumor cytotoxicity in vitro.
YM753 exhibits selective cytotoxicity between tumor and normal cells. It was reported that the cell death induced by HDAC inhibitors is
YM753 inhibits growth of a variety of human tumor cell lines.
To evaluate the growth inhibitory activity of YM753 in tumor cell lines, the GI 50 s were determined after 48-h treatment using the sulforhodamine B (SRB) method. YM753 showed potent anti-proliferative activity in a broad range of human tumor cell types, and the GI 50 s of YM753 ranged from 1.6 to 16 nM (Table II) .
YM753 shows prolonged duration of acetylated histone accumulation after washout in vitro.
To examine the duration of the acetylated histone accumulation, we carried out a washout experiment after YM753 treatment of WiDr cells. The cells were treated with 30 nM YM753 for 12 h, removed and cultured in drug-free medium for 1, 6, 12, 24, 48, 72 and 96 h. Immunoblot analysis revealed that accumulation of acetylated histone H3 was significantly increased at 12 h of treatment, and the increased level of acetylation was maintained for up to 72 h after washout of the compound (Fig. 3D) . To examine whether this effect is a unique characteristic of YM753, we next compared the effects of several other HDAC inhibitors, i.e., FK228, SAHA and MS-275, on the duration of acetylated histone accumulation after treatment at 10 nM, 20 and 20 μM, respectively, concentrations at which YM753 showed almost the same effect on accumulation of acetylated histone H3 in WiDr cells. FK228, another cyclic-peptide-based inhibitor, also displayed prolonged histone acetylation for up to 48 h after washout, whereas SAHA, a hydroxamic-acid-based inhibitor, and MS-275, a benzamide-based inhibitor, showed decreased histone acetylation within at 1 and 24 h after washout, respectively (Fig. 3D) .
YM753 has antitumor activity with selective, sustained accumulation of acetylated histones in tumor tissue in WiDr xenograft model. To investigate whether YM753 had antitumor activity in the WiDr xenograft model, mice bearing tumors were intravenously administered YM753 at 3 mg/kg or the vehicle, 3 times a week for 2 weeks (administered on days 0, 2, 4, 7, 9 and 11). YM753 showed significant inhibition of tumor growth on day 14 (Fig. 4A) . In addition, we examined whether RedYM, the active form of YM753, had similar antitumor activity at 10 mg/kg, a higher dose than that of YM753, but RedYM showed no inhibitory activity in vivo (data not shown).
To examine the antitumor effect of YM753 on the basis of its HDAC inhibition, we investigated the induction of accumulation of acetylated histones and p21 WAF1/Cip1 protein expression in WiDr tumor tissue after a single intravenous administration of YM753 at 3 mg/kg. The acetylation of histones H3 and H4 in WiDr tumors increased from 2 to 8 h and gradually decreased after 8 h, but was still observed even at 72 h after administration (Fig. 4B) . The expression of p21 WAF1/Cip1 protein increased up to 24 h and was detected at lower levels even at 48 and 72 h. These results suggest that YM753 has antitumor activity based on HDAC inhibition in vivo. In addition, the above pharmacodynamic study indicates that YM753 induces sustained accumulation of acetylated histones in tumor tissue in the WiDr xenograft model.
To examine the mechanism of the sustained pharmacodynamic effect of YM753, we performed a pharmacokinetic study in the WiDr xenograft model. We have found that YM753 was a prodrug and was reduced to RedYM in tumor cells, the concentrations of YM753 and RedYM in the plasma and tumor were measured after a single intravenous administration of YM753 at 3 mg/kg. The plasma concentrations of YM753 were 558 nM at 3 min and 15 nM at 15 min. In addition, the RedYM levels in plasma were 65 nM at 3 min and 1.3 nM at 15 min (Fig. 4C) . Although intra-tumoral YM753 was not detected at 3 min, 15 min and 24 h, RedYM was detected in the tumor at levels of 347, 341 and 92 nM, respectively. Thus, YM753 rapidly disappeared from the plasma, but after uptake into the tumor, its active metabolite remained in the tumor tissue for more than 24 h.
We next examined how the above property affects tumor and normal tissues. After a single i.v. administration of YM753 at 3 mg/kg to WiDr xenograft nude mice, the tumor and several normal tissues, including the colon, lung, prostate, small intestine, brain and heart, were collected. The tails of core histones (H2A, H2B H3 and H4) have a number of lysine residues, and for this reason the status of acetylation of histones was examined using antiacetylated lysine antibody. In the vehicle control, the basal levels of acetylation of histones H2B, H3 and H4 in several normal tissues were slightly higher than in the tumor tissue (Fig. 4D) . After YM753 treatment, the acetylated histones H2B, H3 and H4 were slightly increased in normal tissues, including the colon, lung, prostate and small intestine, compared with the vehicle control, but they were dramatically increased in the tumor tissue. We thus conclude that, in vivo, YM753 causes selective accumulation of acetylated histones in tumor tissues compared with normal tissues.
Discussion
In this report, we describe the characteristics of a novel cyclicpeptide-based HDAC inhibitor, YM753. YM753 induced histone acetylation followed by p21 WAF1/Cip1 expression, G 1 , G 2 /M cell cycle arrest, apoptosis and caspaseindependent tumor cell death in WiDr cells. These observations are consistent with the properties of HDAC inhibitors (11, 15, 20) .
Co-crystallization of an HDAC-like protein and trichostatin A demonstrated that HDAC inhibitors mimic the substrate and that chelation of zinc in the catalytic pocket by the hydroxamic acid group is the main mechanism of inhibition (30) . Consistent with the structure of the enzymeinhibitor complex, most HDAC inhibitors consist of cap, spacer and functional groups (30, 34) . RedYM has a sulfhydryl group on a 4-carbon-long chain extending from the cyclic peptide core with the sulfhydryl group extending into the active pocket. It has been predicted, using dimethyl FK228, that the sulfhydryl group in the long chain of reduced FK228 (RedFK) is important in inhibiting HDAC enzymatic activity (35) . Our study using mono-methylthio derivatives of RedYM showed directly that the sulfhydryl group in the long chain is necessary for HDAC inhibition, and furthermore, our docking study using the HDAC1 and RedYM complex supported this conclusion.
YM753 is rapidly reduced to RedYM by intracellular reducing activity in a human leukemia K562 cells. Cellular glutathione was determined to be the major factor in reduction of FK228 by studying glutathione biosynthesis mutants of fission yeast (35) . Our current study suggests that a yet-unidentified molecule, possibly a protein(s) over 3 kDa that is involved in intracellular reduction, such as thioredoxin and reductases, is also necessary to reduce YM753. Moreover, after pre-treatment with L-buthionine-S,R-sulphoximine (BSO), which inhibits the rate-limiting glutathione biosynthesis enzyme, γ-glutamylcysteine synthetase, in cells, the growth inhibitory effects of YM753 did not change in various tumor cell lines despite the decrease in the intracellular glutathione concentration (data not shown). It has been reported that components involved in intracellular reducing activity, such as thioredoxin and glutathione, are increased in tumor tissues and contribute to resistance to chemotherapy (36, 37) because of their functions in inactivation and export of anticancer drugs. Our study suggests that YM753 may be effective even against such drug-resistant tumors.
YM753 significantly inhibited tumor growth via accumulation of acetylated histones and p21 WAF1/Cip1 protein in the WiDr xenograft model, whereas RedYM showed no antitumor effect. This finding suggests that acetylated histones may be accumulated more efficiently in tumors after administration of YM753 than after dosing of RedYM, and that it is necessary for YM753 to be administered in the prodrug form to have an in vivo antitumor effect.
In the pharmacokinetic study, YM753 disappeared rapidly from the plasma and was not observed in the tumor at 3, 15 min or 24 h after administration of YM753, whereas RedYM appeared in the tumor within 3 min after administration, suggesting that YM753 rapidly transfers to tumor tissues and is reduced to its active form (RedYM). In addition, RedYM remained in tumor tissues for 24 h at a concentration at which YM753 was fully able to induce histone acetylation in WiDr cells. This observation is consistent with the result that accumulation of acetylated histones in tumor tissues is detected at 2 h and persists for more than 24 h after administration of YM753.
The histone acetylation in tumor tissues induced by other HDAC inhibitors, such as SAHA, was reported to disappear by 12 h after a single intraperitoneal administration, and this shorter duration is consistent with SAHA's short halflife (15-20 min) (38) . It has been documented that HDAC inhibitors belonging to the hydroxamic acids have poor bioavailability in vivo due to extensive biotransformation and/or a short half-life (21, 39) . Therefore, there is a need for inhibitors that have improved pharmacokinetic properties (39) . HDAC inhibitors such as SAHA and MS-275, when orally administered, have substantially longer half-lives in the plasma and elicit a better clinical response, but they are also more toxic (9) . We have discovered that YM753 has an attractive profile of inducing sustained accumulation of acetylated histones in tumor tissues despite its rapid disappearance from the plasma. We expect that the prodrug form is an important factor underlying this unique pharmacodynamic profile, because administration of RedYM showed absolutely no antitumor activity in the xenograft model. Our in vitro washout experiment strongly suggests that the sustained accumulation of acetylated histones observed after administration of YM753 in vivo is due to the prolonged duration of histone acetylation seen in WiDr cells even after washout, and a similar prolonged duration of action was observed with FK228 but not with SAHA. In addition, we discovered that FK228 also has similar pharmacodynamic and pharmacokinetic properties in vivo (data not shown). The sustained pharmacodynamic property is characteristic to cyclic-peptide-based HDAC inhibitors containing a disulfide bond, such as YM753 and FK228. The sustained pharmacodynamic effect may be due to high stability and lasting affinity of these compounds for target molecule(s) and low efflux from the tumor cells and tissues.
On the other hand, YM753 dramatically induced accumulation of acetylated histones in tumor tissue compared with in several normal tissues. We can conceive two theories in explanation of YM753's selective histone acetylation in tumor tissues: i) YM753 may be selectively reduced to an active form in tumor tissues. There are several reports that intracellular reducing activity is higher in tumor tissues than in normal tissues (40, 41) , suggesting that YM753 may be more efficiently reduced in tumor tissues. ii) YM753 may be selectively transferred to tumor tissues. Most solid tumors are known to exhibit extensive angiogenesis, hypervasculature and increased vascular permeability compared with normal tissues, permitting selective targeting of tumors by antitumor drugs. This phenomenon is known as the enhanced permeability and retention (EPR) effect (42) and YM753 may utilize the EPR effect for its transfer into tumor tissues. It will be necessary to examine the mechanism of YM753's tumor-selective accumulation of acetylated histones.
In conclusion, YM753 is a potent, cyclic-peptide-based HDAC inhibitor occurring as a bacteria-derived natural prodrug. YM753 expresses antitumor activity in vivo, with selective, sustained accumulation of acetylated histones in tumor tissues despite its rapid disappearance from the plasma in a xenograft model. These results indicate that YM753 is a novel HDAC inhibitor with unique and attractive pharmacodynamic and pharmacokinetic properties (Fig. 5) giving it potential as an antitumor agent.
